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ABSTRACT 
 
 
One of the cooling modes for any source of heat such as in a shutdown nuclear core is the natural convection. 
The design specifications of any cooling pool can only be done when the removal heat rate and the 
corresponding mass flow rate is reasonably established. In our simulation scheme, we assumed that the body 
forces acting in the cubic water cell are:  the weight, the drag force and the integrated pressure forces on the 
horizontal surfaces, the viscosity shear forces on the vertical surfaces and also a special viscosity drag force due 
to the mass dislocation along a Bernoulli type current tube outside the motive region. For a suitable time step, 
the uprising convection velocity is determined by an implicit and also by an explicit solution algorithm. The 
resulting differential equation depends on updating specific mass, dynamic viscosity and constant pressure heat 
coefficient with the last known temperature in the cell that absorbed heat. Numerical calculation software was 
performed using MATLAB’s technical computing language and then applied for a heat generation plate 
simulating a spent fuel assembler from a shutdown nuclear core. The results show time evolution of convection, 
terminal velocity and water temperature distribution. Pool dimension as well as pool level decrement are also 
determined for various air exhausting system conditions and heat rate of the spent fuel plate being cooled. 
 
1. INTRODUCTION 
 
 
The objective of this work is to simulate a heat removal from a shutdown small research type nuclear core by 
natural convection in a small water cooling pool. The nuclear core is simulated by a thin rectangular metallic 
plate irradiating heat only through the y-axis large area to the adjacent layer. The heat source, therefore, is a thin 
metallic plate positioned vertically and centered almost at the bottom of the water pool (Fig. 1). 
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Figure 1 – Refrigeration water pool with heat generator plates 
 
The plate irradiates horizontally a time constant power (Ppg). The irradiated power follows a cosine distribution 
with maximum at its four corners. The heat irradiated is then absorbed by a relatively small water layer adjacent 
to the plate. The width along y-axis of this region depends on the height (3-direction) due to the water 
dislocation resulting from the natural convection that occurs as soon as heat is absorbed. The dislocation results 
from the unbalance of the net body forces acting on the water cell that absorbed heat. This happens because the 
water specific mass ( ) decreases with positive increment of temperature. Due to this dislocation, the absorbed 
heat distribution along y-axis becomes nearly linear but decreasing with the horizontal distance from the heat 
source plate. The water region adjacent to the heat source absorbs some is then referred as motive region (MR) 
because it is assumed that the unbalance of body forces occurs only in the region. Since the heated water 
undergoes vertical (z-axis) movement at MR then this region is nearly triangular in the nz plane. The volume of 
the motive region is small comparing to the pool volume. In many applications, the water is considered to be an 
incompressible non-viscous fluid such as in the derivations of Bernoulli’s theorem 1. 2. 3. In our simulation 
model, however, not only the water is considered to be viscous but also the viscosity and the density varies with 
the actual last calculated temperature for the cell volume. 
 
 
2. NATURAL CONVECTION SIMULATION MODEL 
 
 
In order to apply a numerical calculation strategy the motive region is divided into few yet reasonably small 
cubic cells, each of volume x y z, the absorption of heat in these cells leads to a small charge in the water 
specific mass (), which in terms, leads to a net body force resulting in a small but continuous process of 
upward acceleration. For a chosen small time step (t), each of the forces acting on a water cell is expressed in 
terms of yet unknown uprising water velocity (v) and some fitting parameters. All thermodynamic properties of 
the cooling fluid are determined by benchmark data 4. 5. 6. and continuously updated with the actual 
temperature by a spline interpolation scheme. Natural convection occurs even for small difference in density of 
the fluid thus it is important and decisive that the simulation of natural convection considers the variation with 
temperature of the specific mass, ((T)), the constant pressure specific heat, cp (T), and the dynamic viscosity 
(T). Since the water density is not constant then the buoyancy must be calculated by integrating the pressure on 
the cell surfaces. Our numerical calculation scheme for natural convection is based on the temporal variation of 
the uprising velocity with weight, buoyancy, drag and friction resistant forces applied to the cells in the motive 
region (MR). Although heat conduction by liquid water is very small compared with convection, our model also 
considers some small mass diffusion along the perpendicular direction to the main fluid dislocation. The mass 
and heat diffusibility, however, is assumed to occur only outside the motive region. 
Refrigeration water pool dimensions  5x5x5 m   with heat generator plates
Heat generator plates dimensions  0.6x0.1x1  m
Heat generator power, Ppg=50kW
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Since the compressibility coefficient (), 1. 2. 3. of water is very high, then for each small up rise water 
movement in the motive region there must be a corresponding water dislocation in all points outside this region. 
This leads to a Bernoulli’s type current tube (CT) of the fluid in the cooling pool. The convection shear forces 
do create some little vortexes and a true CT is not readily observed especially in large pools. But, for sake of 
simulation of the water temperature distribution at the pool upper surface it can be assumed a net dislocation 
current tube along a quarter pool volume. It can be also noted that the amount of heat effectively removed from 
the pool by the air exhausting system depends only on the water temperature distribution at the thin water layer 
in the interface water-air at the pool surface. Our model of the convection simulation is calibrated to reproduce 
with some accuracy the true rate temperature distribution and heat removal at the pool surface. There are, 
however, some regions, such as in the bottom corners, that the net water dislocation is practically zero. But there 
will be some heat sink to these regions from the TC, mainly due to mass heat diffusibility. 
 
3. CALCULATION STRATEGY 
 
Let m be the mass of the water cubic cell of volume x y z in the motive region. As soon as this cell absorbs 
some heat, its density will decrease. Let v be the yet unknown uprising velocity that results from unbalanced 
forces. 
Then        
     
  
 ∑                                                                (1) 
where  
                                                    
                                                                                                      
It can be noted that these forces depend on the updated temperature, specific mass ((T)), water dynamic 
viscosity ( (T)) and the constant pressure heat capacity cp (T). The resistant Fj and F  forces also depend on the 
relative velocity, v – vo , of the considered cell with its neighbors, vo being the velocity at the previous time step 
interval. The numerical algorithm for solving Equation (1) also depends on the special and time mash scheme; 
the exact formulation of these forces is, therefore, better described in our numerical calculation software using 
MATLAB’s technical computing language. For a reasonably small time step interval t, a numerical solution to 
the differential equation (1) can be expressed either by: 
     
  
 
∑                                                                                                  
     
  
 
∑                                                                                                   
The solution presented in Equation (2.1) is called explicit solution because v is calculated using only the last 
known value vo of the uprising velocity. 
The solution presented in Equation (2.2) is called implicit solution because each body forces Fg, Fp, Fd, F  must 
be evaluated at yet unknown velocity v. Since the dependence of these forces on v is not linear, then the solution 
of Equation (2.2) can only be done by a proper numerical computation routine such as solve of the MATLAB. 
Since Fd and F  depend explicitly on v, then the explicit solution is certainly over estimated for the first few 
time steps. Our simulation routine uses preferably the more exact implicit solution cell time steps. However, 
eventually the velocity converges to the terminal velocity when ∑  tends to zero. In this case, both the explicit 
and implicit solutions are equal to the terminal velocity. 
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4. RESULTS 
 
The numerical simulation software was set to run for various time step intervals (nt) and for some reasonable 
inlet water pool initial temperature. The exhausting air, flows with constant speed (vair) of 80 cm/s and inlet 
relative humidity (RH) of 70%. The heat generation plate simulating a shutdown small nuclear core was 
assigned a constant power of 50 kW. It was used a time step, t, of 3.5 seconds. 
Table 1 – Implicit solution with time step intervals 
      nt t = nt*t 
 (s) 
vi  
(cm/s) 
ve  
(cm/s) 
     1 3.5 .286 .315 
2 7.0 .799 .892 
3 10.5 1.275 1.588 
4 14 1.808 2.285 
50 175 4.154 4.154 
It is noted from the result presented in Table 1 that the explicit solution ve for the uprising vector velocity is over 
estimated as compared to the more exact implicit vi solution. However, both vi and ve converges to the terminal 
velocity vlim after about 2 minutes of heat removal process computation. 
The command line for our convection simulation software with input parameters for the model of heat 
generation source shown in figure 1 follows below: 
SimConvePisIEN ([5 5 5],[.6 .1 1],.5,50000,[.1 .1 .1 3.5],20,[45 45 25 .5 .5 .1 .2 .3 2.9 3.7 1 .5],[1 4 5 167 5 
235],[0 0 1 0 0],[2 .3],8.0,[.65 .2],.7,.8); 
The code generates a large output, mostly in form of graphs and tables. We selected a few of this graphs and 
corresponding data.     
In Figure 2, the velocity vector of the dislocated fluid is shown for the 6 first time steps. The magnitude of the 
arrows has been augmented in order to be more visible. We use the subscript z to indicate actual time step (nt), 
while the subscript 1 refers to the previous time step (nt – 1). The initial velocity distribution vo is then 
represented by vz1y, where z stands for the uprising z axis direction and y stands for the velocity distribution 
along the y-direction. 
 
Figure 2 – 6 first velocity profiles in the Bernoulli type current tube 
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In Figure 3, it is shown the first convection velocity distribution when the initial velocity is zero everywhere. 
 
 
Figure 3 – Convection velocities, nt=1, t=nt*t=3.5 s 
 
In the next, second time step, the uprising convection velocity distribution vz2y is much larger, as shown in 
Figure 4, mostly because the velocity at the previous time step is now not zero, which results in lower resistant 
forces from the neighbor cells. We note that the convection velocity is larger for the current tube next to the heat 
generation plate. 
 
 
Figure 4 – Convection velocities, nt=2, t=nt*t=7.0 s 
1 2 3 4 5 6 7 8 9 10
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
ny=1:Ny
v
z
1
y
 a
n
d
 v
z
2
y
(1
,:
)(
c
m
/s
);
 
Convection velocities, vz1y and vz2y at  nt=1,  t=nt*deltat=3.5s
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Convection velocities, vz1y and vz2y at  nt=2,  t=nt*deltat=7s
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The time evolution of the uprising convection velocity distribution, shown in Figure 5, eventually converges to 
the terminal velocity, but it presents some over shooting higher than the limit value. This is due only to the 
numerical algorithm for the solution of the differential equation governing the change in momentum and 
summation of body pieces.  
 
 
Figure 5 – Convection velocities, nt=3, t=nt*t=10.5 s 
 
The code output also shows the temperature distribution at the pool surface, in Figure 6. The current flows from 
the pool center region to the right border in the a quarter pool diagram.  
 
Figure 6 – Temperature distribution of the water at the pool surface. 
It took 168 seconds to the heated water reach to upper surface of the pool and 13 minutes to circle around the 
assigned Bernoulli’s tube current type (CT) as see in Figure 7. It also can be noted in Figure 7 that the 
temperature distribution of the water entering the HGR has been smoothed out mostly due to mass transfer and 
some heat diffusibility while traversing along the CT.  
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Figure 7 – Average temperature distribution at the region next to the HGR. 
 
Figure 8 shows the convection velocity distribution when the inlet water entering the HGR has already been 
heated one cycle, which happens 13.2 minutes after the initial heat removal process. 
 
Figure 8 – Velocity and variation of velocity distribution just above HGR. 
In Figure 9, it is shown that the square pool dimension must be close to Lx = 11 m if we need to remove heat 
from core irradiating 50 kW, yet allowing the water average temperature to reach 40 ºC, even when the 
exhausting air system is operating with air flowing at 1 m/s with inlet 70 % relative humidity. There will always 
be an amount of water and heat being removed from the pool to the atmosphere.  
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Figure 9 – Required dimension of square area. 
 
 
 
 
 
In Figure 10, it is shown that the pool level would decrease around 36 cm per month due to evaporation to the 
air exhausting system if the stabilized average pool water temperature is allowed to reach 35 ºC, in which use 
the terminal convection velocity would be about 5 cm/s. It can be reduced if the average stable water 
temperature can be allowed. To increase, or yet the exhausting air system power increased (higher vair, higher 
RH). 
 
Figure 10 – Terminal velocity with inlet temperature. 
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5. CONCLUSIONS 
 
 
Our convection simulation software is highly dependent on few input parameters that are meant to be calibrated 
by confronting the simulated results with experimental data. The simulated terminal velocity distribution as well 
as the time evolution of the water temperature distribution in the TC region ranging from just above HGR 
(nc=1) up to the pool surface (nc=40), agrees reasonably well with known experimental data 6. 
The simulated amount of water evaporated avoid the corresponding pool level decrement have also been 
confronted with some small water reservoirs results, with reasonable good agreement. Varying many input 
parameters, the results obtained by the simulator shows that it can be useful to estimate adequate cooling pool 
dimensions besides giving some insight into the rate of change of temperature and convection velocity 
distribution. Further work, however, must be done validating most of the simulated results. 
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